ABSTRACT Gregarious and quasi-gregarious parasitoid females can either mate on the emergence patch or disperse and mate later. The temporal pattern of dispersion of males and females and the level of predispersal mating for females were measured in three egg parasitoid species: Trichogramma evanescens Westwood, Trichogramma minutum Riley, and Trichogramma pintoi Voegele (Hymenoptera: Trichogrammatidae). Results showed that T. minutum has a higher proportion of virgin females in the dispersing population than T. pintoi and T. evanescens. However, the fact that a proportion of dispersing virgin females was found in all three species indicates some level of genetic exchanges between subpopulations of these egg parasitoids. Results suggest that all species can show partial local mating at different levels.
AFTER EMERGENCE, HYMENOPTERAN PARASITOID females can either mate locally before dispersing for host searching or disperse from the patch still virgin and Þnd an off-patch mate. The amount of local mating is expected to vary whether the species is truly solitary, quasi-gregarious, or gregarious. In true solitary and in quasi-gregarious species, only one individual develops inside a host, whereas in gregarious species, several individuals develop inside it. The difference between true solitary and quasi-gregarious species is that in the latter, hosts are aggregated. Virginity is thus predicted to be more common in solitary species, because no mates are present at emergence. Contrary to this prediction, the proportion of virgin females is higher in gregarious species than in solitary species (Godfray and Hardy 1993) . Proportion of virgin females in quasi-gregarious species is expected to be comparable with what is observed in gregarious species because mating can occur between individuals from the same host patch.
Whereas mating on the patch increases the probability of mating, it also increases the probability of sibmating, depending on the number of females that have colonized that patch. When females disperse before mating, the probability of sibmating decreases, but the risk of Þnding no mate and remaining virgin increases. The optimum choice will depend on the costs and beneÞts associated with each option. In most parasitoid species, the probability of encountering a mate outside the patch is very low (Waage and Ming 1984) , so the cost of premating dispersion is high. In addition, in species where inbreeding depression is absent or at a low level, the cost of on-patch mating is lower. On-patch mating is then expected to be the rule in species, such as the haplodiploid arrhenotokous species, where males come from unfertilized eggs and females from fertilized eggs. In these species, almost no inbreeding depression has been shown (Brü ckner 1978 , Antolin 1993 , Werren 1993 .
One proximal mechanism that can increase onpatch mating for arrhenotokous species without inbreeding depression is synchronous or overlapped emergences between males and females (Pompanon et al. 1995) ; protandry is generally the rule in quasigregarious and gregarious species (Hé bert et al. 1989 , Pompanon et al. 1995 . Local mating is assumed for many parasitoids, such as Trichogramma, a quasi-gregarious egg parasitoid, because of their low dispersion capacity and their short longevity. It is one of the assumptions of Local Mate Competition (LMC) theory (Hamilton 1967) , which states that when there is more than one foundress on a patch, they will each lay more sons to increase their genesÕ dispersion and then increase their own Þtness. An increase in proportion of sons when several females exploit a patch has been shown, consistent with LMC theory prediction (reviewed by Herre et al. 1997) . However, some studies have suggested, on the basis of indirect evidence, that partial local mating is more frequent than expected (Ikawa et al. 1993 , Hardy 1994 .
Although mating on the natal site is common in haplodiploid arrhenotokous species, virgin females are found in nature (Godfray and Hardy 1993) . The presence of virgin females in a population has important consequences in haplodiploid parasitoids; virgin females increase the population sex ratio (proportion of sons). Premating dispersion can be a cause of virginity if females are unable to Þnd an off-patch mate. However, virginity could also be the consequence of insufÞcient males on a patch, differential mortality (Green et al. 1982, Nagelkerke and Hardy 1994) , and limited insemination capacity of males (Gordh and DeBach 1976 , Nadel and Luck 1985 , Godfray 1990 . A way to prevent these causes is to lay more males (Heimpel 1994) or to have a precise sex allocation where males are laid early in the oviposition sequence, ensuring at least one male for each clutch (Suzuki et al. 1984 , Wajnberg 1993 .
In this study, the proportion of virgin females leaving a patch was examined under laboratory conditions in Trichogramma evanescens Westwood, Trichogramma minutum Riley, and Trichogramma pintoi Voegele. The hypothesis tested was that a low proportion of unmated females should be dispersing to Þnd a nonrelated mate and, in consequence, cause some genetic exchanges between sub-populations. However, this proportion should be low because of the lower ßight propensity of unmated females (Forsse et al. 1992) . The temporal pattern of dispersion for females (mated and virgins) and males also was examined for these three species. The tested hypothesis is that males should disperse later to mate with as many females as possible and that unmated females should disperse later than mated females to increase their probability of being mated locally, and disperse only if there is no possibility for them to mate.
Materials and Methods
General Methods. T. minutum used in this study originated from Ontario, T. pintoi from China, and the T. evanescens from Egypt. Rearing of all species began with Ͼ2,000 individuals in 1993. The rearings were maintained at 23 Ϯ 2ЊC, 50% RH, and a photoperiod of 16:8 (L:D) h on eggs of the Mediterranean ßour moth, Ephestia kuehniella Zeller (Lepidoptera: Pyralidae). The volume of these eggs is 0.28 mm 3 (Bai et al. 1992) , and this volume normally permits only one Trichogramma to develop. Only 4.6, 1.3, and 1.8% of parasitized eggs lead to double emergence, respectively, in T. evanescens, T. minutum, and T. pintoi (unpublished data). All parasitized host eggs used in the experiment were taken from the rearing, where 3,400 hosts were attacked by 253, 270, and 190 female T. evanescens, T. minutum, and T. pintoi, respectively, for their entire life (3Ð 4 d) (Boivin and Lagacé 1999) .
Mating Structure and Pattern of Dispersion. The proportion of virgin females in the dispersing population was measured for T. evanescens, T. minutum, and T. pintoi. For each species, a patch of 350 parasitized hosts (7 by 8-mm strips made of 3M Post-it message pads) taken from the rearing was placed in the center of a 1-m 3 cage made of white fabric, on a wood plate placed at 9.5 cm above the cageÕs ßoor. The host patch was placed above the ßoor to incite the Trichogramma adults to ßy, instead of just walking, away from the patch when dispersing. Individuals landing on the cageÕs ßoor or walls were considered as having left the patch. To describe the temporal pattern of dispersion of both male and female Trichogramma, every 15 min, starting with the lights onset (0630 hours EST) and during 4.5 h, the Trichogramma adults present on the ßoor or walls of the cage were collected individually in vials and sexed. This experiment was repeated Þve times for each species.
To measure the proportion of virgin females in the dispersing population, collected females were individually placed in a vial with a patch of 250 host eggs (10 by 4-mm strips). These vials were frozen after 13Ð14 d, a delay sufÞcient to permit all individuals to emerge. The absence of females in the progeny was used to determine the proportion of virgin females. Proportion of virgin females was compared between species using a KruskalÐWallis test on arcsine-transformed data, followed by a nonparametric multiple comparisons (Daniel 1978) , and dispersing times were compared using a nonparametric Wilcoxon test (SAS Institute 1985) .
Sex Ratios in the Population. Sex ratios (proportion of sons) of individuals emerging in the Þrst 4.5 h after lights onset also were measured for each species. For each species, a strip of 350 parasitized host eggs (7 by 8-mm strips) was taken from the rearing and isolated in a vial. These vials were frozen 4.5 h after lights onset. Number of males and females were counted for each vial and sex ratios were calculated. This experiment was repeated Þve times for each species. Sex ratios were compared using a 2 by 2 contingency tables and chi-square (Sokal and Rohlf 1981) .
Results and Discussion
Premating Dispersion. In the three Trichogramma species, the proportion of virgin females in the dispersing population was low (Table 1) , but the presence of these dispersing virgin females suggest that these species have some level of partial local mating (Hardy 1994 ) and therefore some genetic exchange between subpopulations. However, because the proportion of virgin females in the dispersing population was low for the three species, their population is relatively structured, and most mating occurs within the emergence patch. One cause of dispersion by virgin females could be a low proportion of male in the population, but because T. minutum had both the highest proportion of dispersing virgin females and one of the highestÕ sex ratio (Table 1) , early dispersion in this species has probably a genetic basis.
The parasitized eggs we used to produce the patches were produced in a rearing where intraspeciÞc competition is high and therefore where the optimal sex ratio is higher than in natural populations. Because a high proportion of sons was emerging on the patch, daughters had more mating opportunities, and the probability that virgin females dispersed was lower than in nature. Our results are then valid mostly for high population densities, when sex ratio is between 0.33 and 0.48. However, the Trichogramma used in biological control programs are generally produced in conditions similar to those we used.
Another important factor to consider is the timelimited aspect of the experiment. With time, males could become sperm-depleted and more females could disperse still virgin. A longer experiment could have shown different proportion of virgin females in the dispersing population. For T. evanescens and T. minutum, a high proportion of females that emerged dispersed within 4.5 h (Table 1) ; therefore, the proportion of virgin females in the dispersing population must then be representative. However, because only 40% of females dispersed within the Þrst 4.5 h after the beginning of the photoperiod in T. pintoi (Table 1) , the importance of virgin females dispersing could be different from the obtained result, depending of further dispersals.
Temporal Dispersion. In T. evanescens, T. minutum, and T. pintoi, individuals started to disperse Ϸ30 Ð 40 min after light onset (Figs. 1, 2, and 3) . For T. evanescens and T. minutum, an important peak in mated female dispersal occurred at Ϸ75 min. In T. pintoi, a similar peak was found Ϸ75 min, but dispersion was distributed more equally during the experiment (Fig.  3) . In the three species, the average delay needed for 10% of mated females to disperse was the same, between 55 and 77 min ( Table 2 ). The average delay needed for one-half of the mated females dispersing was between 89 and 142 min, with T. minutum dispersing signiÞcantly earlier than T. pintoi (Table 2) . Finally, most of the mated females dispersing have done so at the same time, between 187 and 216 min after the light onset (Table 2) .
In the three Trichogramma species, the few virgin females that dispersed did so at the peak of dispersion of mated females. During that period, most males were mating and the females that were unable to obtain males at that point probably decided to leave the patch. An alternative explanation for this similarity of dispersal peaks of mated and virgin females is that dispersal is age-dependent, even regardless of mating status. The delay needed for 10, 50, and 90% of virgin females to disperse were not calculated because less than 10 virgin females disperse in each replicate. Almost all virgin females dispersed in the Þrst one-half of the experiment, although we predicted that virgin females should have dispersed later than mated females. Other studies showed that mating in Trichogramma enhances the propensity to ßy and disperse, and virgin females tend to ßy later (Forsse et al. Letters a-b denote a signiÞcant difference in a row, whereas letters x-y denote a signiÞcant difference in a column (chi-square test, P Յ 0.05). 1992, Pompanon et al. 1995) . We observed that virgin females, even when dispersing relatively early, were not the Þrst individuals to do so.
Finally, male T. evanescens and T. minutum dispersed mainly after the dispersal peak for mated females, when less females were present on the patch. The proportion of males in the dispersing population was lower than the proportion of males in population for both species (Table 1) . The propensity to ßy for males is lower than femalesÕ in Trichogramma, and males tend to stay longer when many females are present on the patch (Forsse et al. 1992) . In fact, 11% of T. evanescens males and 1% of T. minutum males dispersed during the experiment, whereas a higher proportion of males (40%), the same proportion as in population, of T. pintoi dispersed (Table 1) . However, this is not linked to a higher proportion of males because population sex ratio was lower in T. pintoi than in the two other species (Table 1) . T. pintoi males could have a higher natural propensity to dispersion. The dispersion pattern of males was similar to that of mated females; an increase 60 min after the onset of light and then a regular dispersion until the end of the observation period. Males of T. pintoi started dispersing early in the experiments when few females were present. Such dispersion could enable males to mate with emerging females of other patches (Nunney and Luck 1988) . However, the delay needed for 10, 50, and 90% of males to disperse were not calculated because Ͻ10 males dispersed in most replicates.
Observing the dispersion pattern of these three species provides cues about the mating strategies of Trichogramma species under conditions of high sex ratios. All species have the potential of off-patch mating for female; T. minutum seems to have the highest potential. In addition, T. pintoi had the higher proportion of males in the dispersing population, independently to the population sex ratio, so it should increase the off-patch mating potential. Therefore, these three species are probably under different levels of partial local mating. Both T. minutum and T. pintoi seem to be predisposed genetically to have a higher level of partial local mating, and consequently have more genetic exchanges between subpopulations. 
